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ABSTRACT: Scanning electrochemical microscopy with soft
microelectrode array probes has recently been used to enable
reactivity imaging of extended areas and to compensate sample
corrugation perpendicular to the scanning direction. Here, the
use of a new type of microelectrode arrays is described in
which each individual microelectrode can independently
compensate corrugations of the sample surface. It consists of
conventional Pt microelectrodes enclosed in an insulating glass
sheath. The microelectrodes are individually ﬁxed to a new
holder system by magnetic forces. The concept was tested
using a large 3D sample with heights up to 12 μm specially
prepared by inkjet printing. The microelectrodes follow the
topography in a constant working distance independently from
each other while exerting low pressure on the surface.
Electrochemical investigation and manipulation of interfacesby using scanning electrochemical microscopy (SECM)
became a useful technique to study a wide variety of interfacial
processes ranging from electrocatalytic surfaces, modiﬁed
surfaces and electrodes, biosensors, living cells, and liquid/
liquid interfaces.1−3 Typically a single microelectrode (ME),
generally denoted as tip “T”, is translated as a local probe
horizontally at constant height in close proximity to a surface
area under study. For brevity we call this arrangement herein
“conventional SECM”. The probe is a metallic microdisk (e.g.,
Pt or Au) or carbon ﬁber enclosed by an insulating glass sheath.
By applying a constant potential ET to the probe, redox-active
compounds can be generated or detected at the ME. The ME
radius rT is usually equal or smaller than 12.5 μm and the
working distance d has to be adjusted to some radii of rT in
order to achieve highly resolved SECM images in the feedback
mode.4 The ratio of the radius of the surrounding glass sheath
rglass and rT is called RG value (RG = rglass/rT) and is often larger
than 5. The use of such probes requires ﬂat and aligned
substrates in order to avoid probe-substrate contacts, which
could damage the substrate and/or the probe. Although SECM
experiments can be performed with tilted MEs, only smooth
and aligned MEs allow for small working distances and
corresponding high current contrast in the feedback mode.
While there is a sustained interest in increasing the resolution
to the nanometer size regime by the use of nanoscale probe
electrodes often in combination with current-independent
positioning schemes,5−8 the application to large image frames
for the investigation of catalyst libraries (energy research),9−11
latent human ﬁngerprints (forensic science),12−14 and testing of
technical coatings (corrosion science)15,16 are important for
diﬀerent research directions.17
Unfortunately, conventional SECM faces two experimental
challenges when working with samples of square centimeter
sizes: (i) SECM imaging is time-consuming and (ii) many
eﬀorts are required to ensure a constant working distance over
the full scan lengths. The ﬁrst limitation occurs because a ﬁnite
time τ ≈ rT2 D−1 (D is the diﬀusion coeﬃcient of the redox
mediator) is needed to establish the steady-state diﬀusion layer.
In addition, convective eﬀects may become important when
scan rates exceed 10 μm s−1 (precisely v rT/D ≥ 0.06 over an
insulator; v is the horizontal translation rate).18 Even when
working with scan rates as large as 25 μm s−1, it may take 24 h
to record a single centimeter-sized image frame. This is not
only time-consuming but enhances the consequences of ME
fouling, substrate aging, solvent evaporation, or instability of
reactive species in the electrolyte solution. When being forced
to use higher translation rates, SECM image resolution is
degraded signiﬁcantly. The second limitation concerns a change
in d during a horizontal line scan either due to the tilt of an
Received: October 2, 2013
Accepted: November 30, 2013
Published: November 30, 2013
Article
pubs.acs.org/ac
© 2013 American Chemical Society 713 dx.doi.org/10.1021/ac403168p | Anal. Chem. 2014, 86, 713−720
otherwise ﬂat surface or due to the presence of topographic
features. Variations in d lead to current changes over a sample
of homogeneous reactivity, i.e., those changes are not associated
with reactivity diﬀerences. Therefore, substantial eﬀorts and
skills are required to produce ﬂat substrates and to level them in
the SECM setup with respect to the x,y-plane of the positioning
system using tilt tables and the SECM current as a distance
indicator. Recently, Han et al. introduced a substrate leveling
method based on an air-bearing rotary stage on which the
electrochemical cell with the sample was mounted.19 However,
for corrugated or 3D structured substrates even the most
sophisticated leveling procedures become useless.
Approaches to overcome these two problems are usually
made independently from each other. For instance, in order to
investigate or to modify larger areas on a shorter time scale,
arrays of MEs have been proposed such as the static 400 ME
array introduced by Meyer et al.20 The linear microdot array by
Barker et al.21 consisted of 16 individually addressable Pt MEs,
and the Au multitip-probe by Deiss et al.22 were applied for
larger areas while keeping the preferred slow probe translation
rates. However, these array probes had to be used in constant
height mode and require totally ﬂat and aligned surfaces.
Scanning tilted and curved samples or surfaces with
signiﬁcant 3D features becomes very diﬃcult in constant
height mode as shown schematically in Scheme 1a,b for a
hypothetic linear array of conventional MEs. This schematic
applies equally for a linear probe array and an individual probe
in the conventional constant height mode. Approaching the ME
array to the topographically lowest point of the substrate will
cause a ME-sample-crash during a lateral scan if d is smaller
than the height of the 3D structure (Scheme 1a). Alternatively,
adjusting d close to the highest point of the substrate will avoid
a mechanical probe-sample contact, but the SECM will lose the
sensitivity for local surface reactivity in the lower laying parts of
the surface (Scheme 1b). Four main approaches have been
described to overcome the limitations of constant height mode
scanning of corrugated substrates, mainly for single probes.
One approach is to measure distance-dependent signals that
can be directly correlated with d, such as the negative feedback
current,23,24 impedance,25,26 or alternating current signals.27 In
a second approach, SECM is combined with another scanning
probe technique which provides the distance control. Well
known examples are the combinations of SECM with scanning
force microscopy (SFM),28−33 electrochemical scanning
tunneling microscopy (ECSTM),34 and scanning ion con-
ductance microscopy (SICM).7,35 Third, the probe can be
vertically vibrated and the reduced damping of this vibration in
close proximity to a sample surface can be used to control the
probe-substrate distance. Examples are the vertical tip-position
modulation (TPM),36,37 the detection of shear-forces,5,38,39 the
hopping intermittent contact mode (HIC),8 and the voltage
switching mode (VSM).40 The fourth approach uses soft
SECM probes that are made of ﬂexible polymeric materials that
can bend and scan the sample in a brushing-like way thus
keeping a constant working distance.41 The soft linear
microelectrode arrays (SLMEAs) provide a simple and reliable
tool for large area investigation and modiﬁcation.42−45 The
relatively small pressure that is exerted onto the substrates43
even allowed scanning of delicate samples such as self-
assembled monolayers without scratching the sample surface
or the soft probes.44 However, the MEs are embedded in one
polymeric block which follows the topographical obstacles as
one unit, i.e., all microelectrodes are lifted oﬀ if only one
electrode encounters an obstacle. Individual sensors will lose
the initial close proximity to the surface. The current contrast as
well as the resolution will decrease signiﬁcantly for those
electrodes within the array (Scheme 1c). The same eﬀect can
be obtained when the sample contains valleys and depressions
whose lateral extensions are smaller than the width of the entire
soft probe.
Herein, we describe the application of an array of glass-
shielded Pt MEs capable of independent vertical movements
during SECM imaging in contact mode (Scheme 1d). The
individual probes of the array climb individually up and down
topographic features like ﬁngers exploring the texture of a
surface. Therefore, we denoted these probes as ﬁnger probe
microelectrode array (FPMEA). The advantages are demon-
strated using surfaces prepared by using an inkjet printer. The
obtained results are compared to SECM images of the same
sample using a SLMEA.
■ EXPERIMENTAL SECTION
Chemicals. Potassium hexacyanoferrate(II) (K4[Fe(CN)6];
Merck, Darmstadt, Germany) and potassium dihydrogen
phosphate (KH2PO4; Carl Roth, Karlsruhe, Germany) were
used as received and were of analytical grade. Deionized water
was produced by a Purelab Classic (Elga LabWater, United
Kingdom).
Scheme 1. Comparison of Conventional Constant Height
Mode SECM Using Linearly Fixed Arrays of MEs (a,b),
Contact Mode SECM with SLMEA (c) and with a FPMEA
for Scanning of Samples with Signiﬁcant Topographic
Artifacts (d)a
aLeft column shows the side view on the small side of a probe array;
the right column shows side view on the long side of the array.
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Fabrication of Platinum Microelectrodes. MEs for the
FPMEA were prepared by sealing a Pt wire (25 μm in diameter;
Goodfellow, Bad Nauheim, Germany) into borosilicate glass
capillaries (outer diameter of 1.0 mm, wall thickness of 0.25
mm; Hilgenberg, Malsfeld, Germany). A glass capillary was ﬁrst
vertically pulled into two micropipet tip capillaries by a PC-10
puller (Narishige, Japan) using a heated ﬁlament and
gravitational force. The resulting tips were then sealed using
a Bunsen burner and approximately 1 cm of Pt wire (25 μm in
diameter; Goodfellow, Bad Nauheim, Germany) was inserted
into the central of the tip of the capillary. The wire was then
sealed into the tip under vacuum using the heated ﬁlament of
the PC-10 puller. A polished copper wire with suitable length
was inserted and glued with silver epoxy at 60 °C to provide
electrical connection to the Pt wire. Afterward, the MEs were
mechanically polished and shaped to disk-type electrodes using
a Micro Grinder EG-400 (Narishige, Japan). These MEs were
inserted into 5.0 mm long steel tubes (1.2210 115 CrV, 1.0 mm
inner diameter, 1.4 mm outer diameter) and ﬁxed using a glue
stick (WA11, Pelikan Pritt Klebestift). The disk-shaped MEs
were inspected using a reﬂection mode confocal laser scanning
microscope (CLSM, type TCS SP2 AOBS, Leica Microsystems,
Wetzlar, Germany). Only MEs with a Pt microdisk centered in
the insulating sheath were used to build the FPMEA.
Preparation of 3D Structured Samples. 3D structured
samples were prepared on Kapton HN foils (polyimide (PI);
125 μm thickness; Goodfellow, Huntingdon, England) by
multilayer inkjet printing using the DMP-2831 materials printer
(Dimatix Fujiﬁlm, Santa Clara, CA). Jettable nano silver
EMD5603 (w/w 20%) and the UV-curable jettable insulator
EMD6201 (both Sun Chemical, Carlstadt, NJ) were used.
Three nozzles were simultaneously used for both inks and the
printing parameters such as jetting frequency, waveform,
voltage, etc. were adjusted for optimum printing performance.
The achieved thickness of the 3D patterns was up to 12 μm for
two layers of the insulator onto a PI substrate. A light guide
from an Omnicure S2000 mercury UV lamp (Lumen
Dynamics, Mississauga, Ontario, Canada) was mounted to
the printhead of the DMP-2831. The Dimatix software allowed
opening of the shutter of the UV light guide during printing in
order to polymerize the deposited UV curable ink just slightly
delayed from the release of the droplets. Silver patterns on PI
and on the printed insulator were prepared by the deposition of
two layers of the Ag ink, followed by a curing process (30 min
at 200 °C with heating and a cooling rate of 2 °C min−1). The
dimensions and the topography of the patterns were
investigated by CLSM in reﬂection mode and with a DektakXT
mechanical proﬁler (Bruker, Billerica, MA).
SECM Measurements. SECM experiments were carried
out using a SECMx system consisting of a Mar̈zhaüser
positioning system (Mar̈zhaüser, Wetzlar, Germany), a tilt
table (Zaber Technologies, Vancouver, Canada), and a
multipotentiostat module MultiWE32 connected to a Com-
pactStat (both Ivium Technologies, Eindhoven, The Nether-
lands).42,46 The multipotentiostat module allowed simulta-
neous and sequential control of up to 32 working electrodes vs
one reference (RE) and one counter electrode (CE). In all
experiments, a Pt wire served as CE and a Ag-wire was used as
quasi-RE (QRE) to which all potentials ET are referred to.
Solutions of 4 mM K4[Fe(CN)6] and 0.1 M phosphate buﬀer
(pH 7.0) were used in all experiments with ET = 0.3 V. The
investigated samples were unbiased.
In all ﬁgures, the horizontal scanning direction of SECM line
scans and imaging experiments was in the negative x-direction,
while incremental steps between line scans were performed in
the y-direction. Herein, the x-axis is denoted as the “high
frequency” (HF) axis and the y-axis is denoted as the “low
frequency” (LF) axis due to the frequency of the probe
movement. A probe lift-oﬀ (LO) was used during reverse scans
and during incremental steps in the LF direction within images.
This avoids scratching of the glass sheaths of FPMEAs into the
substrate.
Data were recorded and plotted online during experiments in
the SECMx control software. After the data had been saved, the
in-house made software MIRA47 was used to process the data
using a previously reported calibration routine43,44 to correct
for slightly varying currents between MEs due to variations in
sizes, geometries, and working distances within a FPMEA. In
short, the feedback current iT,k of the individual ME k within an
array was calibrated by applying a current oﬀset iT,k,offs and a
scale factor sk to transform iT,k into a calibrated, dimensionless
current iT,k′ /iT,max,k′ . The calibration routine sets the current for
negative feedback to zero and for positive feedback to unity.
Furthermore, the positional oﬀsets of MEs were corrected by
applying an x-oﬀset xoff,k and a y-oﬀset yoff,k for each ME of the
array.
■ RESULTS AND DISCUSSION
Design of the Finger Probe Array Setup. A schematic
representation of the new FPMEA setup is shown in Scheme
2a. A modiﬁed version of the previously introduced holder for
SLMEAs was used for mounting the new FPMEA.45 It can
accommodate up to eight MEs separated by 1.5 mm (four MEs
were used in this work). Each ME is individually attached in a
curved indentation by magnetic forces (Scheme 2b) between a
NdFeB permanent magnet embedded in the holder and a steel
tube around the ME body (Scheme 2a,b). The assembly stayed
in a default position parallel to the magnet surface (Scheme
2b). An external mechanical perturbation, e.g., a mechanical
contact between the ME body (Scheme 2c) and the substrate
surface, causes a rotary movement of the ME body indicated by
the arrow in Scheme 2b. In contrast to SLMEAs used before,45
the bending of the glass shaft of the ME was insigniﬁcant under
the applied forces. The ME of a FPMEA started to slide on the
surface and to rotate slightly in the holder when touching the
substrate. The holder design ensured a ME position as close as
possible to the magnet and hence to the initial default position
and caused the ME body to press slightly against the substrate
thus ensuring a permanent probe-sample contact. The holder
contained a screw and a rotatable plate (part VI. in Scheme 2a)
in order to adjust the inclination angle γ manually.
Voltammetric Characterization of the Finger Probe
Array. The four MEs of the FPMEA were characterized by
cyclic voltammetry (CV) in bulk solution yielding similar
sigmoidal responses for the four MEs (Figure 1a). The steady-
state currents vary only by 1.5% from each other attesting to
the comparable dimensions of the Pt MEs. This is potentially a
great advantage over carbon SLMEAs that showed a larger
electrode-to-electrode variability.42 The exact radii rT of the
MEs were determined by chronoamperometry (Supporting
Information SI-1). A cross-talk between adjacent MEs due to a
possible overlap of diﬀusion layers was negligible since the ME
separation (1500 μm) is about 120 times larger than the radius
of an individual ME (≈12.5 μm). Compared to the carbon
SLMEAs, the fabrication of the Pt MEs with Pt wires as starting
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material gave slightly better reproducibility with respect to
electrode sizes and shapes.
Approach Curves. Experimental SECM feedback mode
approach curves using the FPMEA were performed over the
insulating PI surface (Figure 1b). The inclination angle γ was
set to 10°. This angle showed a good current contrast and
stable performance during contact mode experiments. Negative
feedback behavior, i.e., a decreasing current iT with decreasing
d, was obtained due to the hindered diﬀusion of [Fe(CN)6]
4‑
caused by a blocking eﬀect of the sample when the ME is
brought in vicinity of the inert and insulating PI substrate.
However, the eﬀect of hindered diﬀusion with γ = 10° is smaller
than for perpendicularly mounted MEs. Above a conducting
surface, the current at the inclined probe was smaller than for a
perpendicularly mounted ME (not shown). The eﬀect of tilted
MEs, i.e., γ ≠ 0°, has already been simulated and studied
experimentally by Fulian et al.,48 Sklyar et al.,49 and Cornut et
al.50
The measured currents are plotted vs the z-displacement of
the holder. For each ME, the position of the probe-sample
contact is indicated in Figure 1b and the hP value can be
identiﬁed. The concept of the hP was described before
(Supporting Information SI-2).41−45 hP becomes zero (by
deﬁnition) upon touching the sample and attains negative
values upon further approach of the electrode holder when the
probe electrode starts sliding on the sample in the x-direction.
The vertical position of the probe-sample contact varies
between the MEs by 27.5 μm. This was due to slight variations
in the ME shape, their placement in the steel tubes, and the
manual mounting procedure of the probes in the holder. Nearly
constant currents after mechanical contact indicated almost
constant eﬀective working distances d for hP < 0. The diﬀusion
hindrance correlated with the glass sheath radius rglass
controlled by the manual production and polishing. These
processes are less accurate compared to the automated Parylene
C deposition used for the SLMEAs. The RG values of the MEs
are between 8.4 and 11.4 (Supporting Information SI-1) thus
showing a variation of 13%. The variations of the current
signals between MEs during SECM operations will be caused
by variations in active electrodes size (rT) and by variation of
the eﬀective working distance (rglass) (Supporting Information
SI-2).
Repetitive approach curves were performed in order to
demonstrate that the probes slide on the surface and that the
Scheme 2. Schematic Representation of New FPMEA Setupa
a(a) Scheme of the holder system: I., four individual Pt MEs forming
the FPMEA; II., sample; III., holder with preset inclination angle γ of
20° with respect to the surface normal; IV., magnet-based holder plate
with eight curved indentations for eight MEs; V., worm drive for
horizontal rotation around an axis in the inclination plane (movements
indicated by white arrows); VI., adjustable plate for horizontal rotation
around an axis perpendicular to the inclination plane to adjust γ (black
arrows); VII., plate to mount holder to x, y, z-positioning system. (b)
Schematic side view of IV. in part a when the ME is not in contact with
the substrate (initial position). Inset: Cross-section of two MEs in the
center position of the holder. (c) Schematic side view of IV. in part a
when the ME is in contact with the substrate.
Figure 1. CVs in bulk solution (a) and approach curves toward a
polyimide substrate (b) of a FPMEA consisting of four MEs with a
lateral separation of 1.5 mm: (a) scan rate 10 mV s−1. (b) The zHolder-
displacement represents the vertical translation of the holder toward
the sample. The vertical lines indicate the z-positions where individual
MEs made mechanical contact with the PI substrate and started sliding
on the substrate surface. Translation rate 1 μm s−1.
Analytical Chemistry Article
dx.doi.org/10.1021/ac403168p | Anal. Chem. 2014, 86, 713−720716
vertical position of the MEs in the holder is not aﬀected by the
mechanical contact with the sample (Supporting Information
SI-3). The hP value changed between 2.5 to 8.5 μm in-between
the ﬁrst and the second approach curves due to a slight upward
movement of the MEs in the holder. However, after several
approach curves, a steady-state location of the MEs in the
holder is achieved and the hP value of each ME becomes
constant for a given zholder-displacement. This allows qualitative
SECM imaging (vide infra and Supporting Information SI-3).
The force F which is exerted by a ME of the FPMEA onto
the surface in contact mode was measured by approaching a
ME toward a PI substrate placed on an analytical balance
(Supporting Information SI-4). The obtained spring constant
was kSpring = −0.64 mN μm−1. For a zholder-displacement of hP =
−20 μm, this corresponds to an estimated force of F = 12.8
mN. However, the pressure p = F/A (A is the contact area) is
of higher importance. The contact area of a ME with the
substrate is diﬃcult to determine but will most likely be around
26.4 μm2 as conﬁrmed by optical microscopy of scratches
induced by roughly polished MEs. This results in an
approximate pressure of 4.9 × 108 N m−2. For comparison,
the SLMEA exerted much lower forces (44−126 μN) on
contact areas of around 1840 μm2 (p = (2.4−6.9) × 104 N
m−2).43 Conventional SFM tips in contact mode apply forces in
the range of 1 nN < F < 100 nN on a contact area with a
diameter of 2−10 nm (p ≥ 1.3 × 107 N m−2).51 Therefore, the
pressure that is produced by the ME of the FPMEA exceeds the
ones of the SLMEAs and typical SFM tips. Therefore, it is
expected that they cause tiny scratches on delicate samples such
as self-assembled monolayers.
Horizontal Scans on 3D Structures. Horizontal line scans
in contact or contactless feedback mode were performed on the
3D sample (sample design is detailed in Supporting
Information SI-5). In contactless mode, i.e., essentially in the
conventional constant height SECM mode, the MEs were
vertically oriented in the magnetic holder (γ = 0°)
demonstrating that the new holder system can also be used
in conventional SECM mode. The working distances were
adjusted to similar values as the ones obtained during contact
mode scanning, i.e., around 20 μm with respect to the PI
surface. Please note that this working distance is rather large for
a vertically oriented ME but allowed a better comparison of the
results obtained in contact mode (see calculated d in the
Supporting Information SI-1). Three MEs of the FPMEA were
used to scan simultaneously three diﬀerent characteristic
surface structures. The obtained results were plotted in Figure
2a−c. For a ﬂat insulating surface with a centered conductive
Ag pattern (Figure 2a), the feedback responses recorded in
contactless and contact mode showed the same trends.
Hindered diﬀusion was obtained over the insulating part (iT
< iT,∞) and redox mediator regeneration (iT > iT,∞) over the
conducting part. The achieved resolution of both scanning
modes was quite similar as indicated by the measured currents
and by the shape of the current proﬁles. As can be seen from
the change in the measured currents over the insulator in
contactless mode, the sample was slightly tilted which aﬀected
the working distance. The FPMEA followed this tilt in contact
mode and kept a constant working distance resulting in an
essential ﬂat signal over the PI substrate. This advantage of the
FPMEA concept becomes more apparent in Figure 2b where a
completely insulating surface with a height of about 4 μm was
scanned (height proﬁles of the sample in the Supporting
Information SI-5). In contactless mode, d and hence the
current response changed due to the tilt of the sample and the
height of the polymer block on the substrate. In contrast, the
ME followed the topography in contact mode and an almost
constant current was obtained. A slight increase of the current
was obtained when the ME was slid on top of the UV-cured
Figure 2. Comparison of line scans in contact (1, γ = 10°) and
contactless (2, γ = 0°) SECM feedback mode using the FPMEA. The
scanned substrate regions were ﬂat with a Ag pattern in the middle (a),
insulating with a topographic step (b), a step covered with Ag (c), and
two steps of printed insulator with a centered Ag pattern (d).
Experimental conditions: translation rate = 25 μm s−1, hP values
(contact mode) = −34 μm (a), −26 μm (b), −38 μm (c), and −30
μm (d); d (contactless mode) = 20 μm with respect to the PI substrate
(a−c) and 15 μm (d).
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polymer. This can be explained by a change of γ and α which
represents the angle between the sample surface and the probe
surface including the Pt microdisk (Supporting Information SI-
2). An increase of α also augmented d. In Figure 2b, two small
spikes in the measured current proﬁle were found when the ME
passes the edges of the 3D pattern. Because of the large rglass, d
temporarily increased when the probe climbed up and
decreased when the probe climbed down. These observations
were conﬁrmed on a sample entirely coated with Ag (including
the protruding UV-cured polymer, Figure 2c). Figure 2d shows
line scans of a 3D structure consisting of two stairs of 4 and 12
μm heights on the PI substrate using one ME of the FPMEA. A
Ag pattern was deposited in the center of the highest plateau.
The scan in contactless mode showed clearly the double
decrease of the negative feedback current due the two stairs of
insulator besides a clear current increase above the Ag layer due
to mediator regeneration while contact mode line scanning
gave the real surface reactivity.
The contact mode line scans resulted in clear current proﬁles
that represent the real surface reactivity of the substrate while
line scans in constant height mode cannot easily distinguish
between reactivity or topography changes. Heights up to 12 μm
were tolerated in contact mode indicated by the nearly constant
currents above the insulating areas of the model sample. Only
minor variations related to the change in α and the edge-eﬀect
can be seen.
SECM Imaging of Large and Complex 3D Samples.
High-throughput feedback mode imaging of the 3D structure
(Figure 3a) was performed using the FPMEA consisting of four
MEs. For comparison, an image using a SLMEA is shown in the
Supporting Information SI-6 and demonstrated the entire
probe is lifted. The FPMEA was approached to hP values of
−(23−50.5) μm on the PI substrate ensuring a probe-sample
contact during imaging. Each of the four MEs scanned
simultaneously a sample area of 4.5 mm (x-direction) by 2
mm (y-direction) in feedback mode in only 10 h 35 min with a
point density of 1629 mm−2 excluding double scanned areas
(Supporting Information SI-7). Slower reverse translation rates
were selected than for the SLMEA (25 μm s−1 instead of 1000
μm s−1) in order to prevent displacements of the magnetically
attached MEs in the curved indentations of the electrode
holder. The horizontal separation of the indentations in the ME
holder is 1.5 mm. However, the real separation of the individual
MEs in the y-direction showed a slight variability due to
uncertainties in the exact ﬁtting between glass tubes and steel
tubes as well as between steel tubes and grooves of the
electrode holder. Therefore, an additional scan length in y-
direction of 0.5 mm was used in order to ensure complete
coverage of the investigated sample area. The currents
measured for the hindered diﬀusion were equal on the PI
and on the UV-cured polymer. Since the rglass values (here
between 108.4 and 136.4 μm; Supporting Information SI-1)
were larger than the width of the ditches in the UV-cured
polymer (cross section in Supporting Information SI-5), the
MEs cannot follow completely the topography inside these
grooves. Because of the slightly enhanced d above the grooves
of the printed polymer structure, the inkjet-printed lines appear
as slightly enhanced currents in the SECM image. Redox
mediator regeneration was obtained over all Ag patterns,
regardless of whether they were printed on PI or on the two
layers of the UV-cured polymer. In addition to the results
obtained during line scans in contact mode (vide supra), these
feedback images did not only conﬁrm the capabilities of
topography-tolerant contact mode imaging of heights of up to
12 μm, they also demonstrate that the MEs were appropriately
attached and remained in their holder position while having the
possibility to move up and down when encountering a
topographic obstacle on the sample or during lift-oﬀ in the
reverse line scans. The accumulated vertical and horizontal
displacement of each individual ME in Figure 3 amounted to 77
cm, underlining the stability of the ME attachment and
illustrating the prospective advantages of this new FPMEA.
Figure 3b shows the SECM image corrected for positional
oﬀsets, current oﬀsets, and scale factors (values in the
Supporting Information SI-7). Please note that the trans-
formation of the currents of the FPMEAs is a calibration and
not a normalization (Supporting Information SI-8). It is
currently intended and limited to make high-throughput
contact mode imaging of large surface areas. Like the
SLMEA, they are currently not suitable for extracting
quantitative kinetic data since knowledge of exact working
distances, electrode shapes, and insulating sheaths of the
individual MEs in a FPMEA would be essential. For each new
FPMEA experiment, i.e., after polishing the MEs or when
applying a new batch of MEs, the calibration routine has to be
repeated. However, this procedure is not very time-consuming
using the software MIRA. The current oﬀsets and scale factors
for the individual MEs show much less variability than the
factors for the carbon SLMEA demonstrating that the Pt MEs
are more similar to each other with respect to electrode size
and achieved working distance. Positional oﬀsets were
corrected by adjusting the surface features of the sample
Figure 3. SECM feedback mode imaging of the 3D sample: (a) CLSM
image of the scanned pattern af ter the experiments, (b) SECM
feedback image. Detailed imaging parameters are given in the
Supporting Information SI-7.
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pattern. For areas, that were imaged twice, the ﬁrst images were
used. When imaging the same sample region the second time
(in the overlap area of two image frames), less homogeneous
redox mediator regeneration was observed possibly due to Ag
oxidation in the aqueous solution or lost adhesion between the
inkjet-printed and cured Ag pattern during long-term use in the
electrolyte solution (Supporting Information SI-7). In the
overlap area of the two image frames, damages made by the
mechanical contact between FPMEA and Ag pattern in the ﬁrst
image frame could also be detected in the second image frame.
However, the CLSM image, taken af ter the experiment (Figure
3a), showed that these damages are not severe. Because of their
diﬀerent vertical positions in the electrode holder, the
individual MEs exerted diﬀerent pressures on the sample. In
addition, small diﬀerences in the manual ME polishing
procedures caused variations in the edge deﬁnition of the
outer rim of the glass sheath leading to slightly variable contact
areas and hence variable pressure on the sample. However, the
corrected SECM image (Figure 3b) showed a clear and defect-
free surface reactivity image that can be directly correlated to
the CLSM image of the sample (Figure 3a) but was remarkably
free of topographic artifacts that on the other hand would be
expected from a constant height image. It should also be noted
that a shear force imaging of the same structure would require a
prohibitive long time during which the system is unlikely to
allow suﬃciently constant conditions for the detection of shear
forces.52
■ CONCLUSION
The new concept of a topography-tolerant FPMEA for SECM
imaging in contact mode represents a simple, reliable, and fast
tool for topography-tolerant contact mode SECM imaging of
relatively large samples with 3D structures. The new probe
array is based on conventional Pt MEs and is thus an attractive
add-on for all conventional SECM instruments. The probes are
placed in curved indentations and are held by magnetic forces.
This enables contact mode scanning with a constant working
distance due to the individual ﬁnger-like movement of these
MEs. Large and complex 3D samples can be investigated and
highly resolved reactivity images are recorded free of signiﬁcant
topographic artifacts. The system can also be applied with a
single ME and on a smaller scale.
Compared to previously introduced carbon41 and gold43
SLMEA, Pt can be used as electrode material in FPMEAs
oﬀering an expanded variety of electrochemically detectable
compounds, e.g., O2 or H2O2, and due to the glass sheath it is
also compatible with organic solvents.
Both the SLMEA and the FPMEA can be applied in the
contact regime for a broad range of samples including tilted and
curved large substrates. The pressure exerted by the SLMEA is
signiﬁcantly smaller enabling its use even for delicate samples
such as self-assembled monolayers. The FPMEA will damage
such delicate samples but will better resist abrasion when
brushing on hard materials. Coating the glass sheath of the MEs
with thin polymer ﬁlms could reduce the risk of mechanical
sample damage. The SLMEA can compensate topographic
features if these features are extended and perpendicular to the
HF scan direction. In contrast, the FPMEA can work on
samples with topographic features in arbitrary orientations
without additional distance control instrumentation.
As a possible enhancement, laser technology could sense the
movement of the individual MEs in the holder and provide
simultaneous information about the vertical dimensions of the
sample under study. A smaller working distance and thus a
higher resolution would be achieved by using MEs with smaller
RG values. The number of MEs can be enlarged without
fundamental diﬃculties making it possible to work on large
samples such as industrial metallic components of square
centimeter sizes or larger, for instance, to test the integrity of
corrosion-protective coatings. In this way, SECM is on the way




Tables of the MEs dimensions, the deﬁnition of the hP value,
demonstration experiments of the stability of the ME positions
in the new probe holder, measurements of the force between
MEs and sample, details about the 3D sample design and
topography, a comparative SECM feedback images of the 3D
structure using a SLMEA and calibration values, and
experimental details for the FPMEA SECM image. This
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